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Abstract 

Due to their unique expected properties thermoelectric 
microdevices, thermpgenerators as well as Peltier coolers, are 
of high demand for different applications namely ibr 
telecommunication purposes. Thus worldwide efforts are 
undertaken to expand the technology for thermoelectric 
devices into the field of typical microsystem technologies 
including aspects of advanced low dimensional high ZT 
materials. Favourite material systems are up to now the 
bismuthtelluride (V*VI) compounds and tiie 
silicon/germanium (IV-TV) alloys. Recent results prove the 
capability to implement low dtmeosional material of both 
material systems into microsystem devices and demonstrate 
wafer based microelectronic technologies foe the ^brication 
of thermoelectric devices even for the non CMOS 
bismuthtelluride related compounds. Thus this survey will 
present the state of the art [1-9] in a summary of recent 
results together with an more extended description of the 
MicroPelt* approach as an example for a wafer based 
&brication concept close to microelectronics manufacturing. 
Strengths and weaknesses of the diffisrent presentwJ 
technologicai concepts will be discussed under some 
viewpoints. 

Introduction 

Regardless of the actual intermediate dq)ression of the 
tdecomm^ation market^ this market will be a major driving 
economic farce in the firture. Tc^ether with the oncoming 
more powerful PC processors these two examples may 
Illustrate the expected increasing demand of miniaturized 
coolers with cooling power densities around and above 
lOOW/cm^ Basics and also details may be found in 
[10,11,12] and literature cited therein. Even though the 
progress for MicroElectroMechanicalSystcms (MEMS) or 
nanoscale ThermoElectricConverters (TEC), here peltier and 
gena^or devices, was pillared essentially by an academic 
character for a long period nowadays the tendency changes. 
This is in evidence lodcing at the emerging wafer based 
technologies [4,13,14,15] with their mentation to fiirther 
consumer markets like Infineon's announced innovations in 
electronics for textiles, i.e. smart cloths [16], This overview 
will start with a new illustration of a qualification plot to 
support the design for various technologies for micro-TEC. 
In a short summary the actual wafer-tedmology approaches 
will be pi-esented and finally a new wafer approach far thick 
thin-film TEC devices [15] will be described in more detail. 

QnalincatioB Plot for MlcroTEC*s 



Some of the parameters ^^ich influence the performance 
of micro-TECs are described in [10,1 1,12,14]. These are e.g. 
the cooling powCT density as function of temperature 
difference across' the cooler-device [10,14], in particular the 
dependence on the height of thermocouple [10], or the 
limitations for close packed thermocouples on a substrate, 
dependent on the thermal conductivity of different substrates 
[11,13]. If one considres in detail the problems of a micro- 
TEC febrication a lot of more design and technological 
parameters are important which will also influence the 
performance of the particular device. 

Thus Fraunbofer IPM developed an extended simulation 
tool resulting in various qualification plots for micro-TEC 
technologies [17]. The data setup for this simulation 
comprises all necessary geometrical design parameters for all 
components of the device and technoI<^ically important 
physical parameters like Seebeck coefRcients, thermal- and 
electrical conductivities of the layers accordingly. Depending 
on the particular technology, the set of design and physical 
parameters may be extended or lessened. Based on those sets 
of parameters, all interesting performance features were 
calculated. They were summarised and plotted in an n-fold 
performance (star)-diagr3nmis, fig. 1-3. 

We decide to plot an six-fold star, taking firom our point 
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Figure 1. Performance qualification plot for different leg 

heights. 

of view, the most important six performance parameters: the 
maxunum heat flux (Qa^) at a given temperature difference 
across the device (here for example AT^10K)> the efficiency 
<P at (<p (Qn«J), the current I at Qr^ (l(Qm«)X the sum 
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of the electrical conductivities, Sjevice^ the sum of the thermal 
resistance including hot side thermal resistance^ Xdevwc and 
ATnax At zero heat flux. 

For each fig. t-3 an internal 100% standard (named "bulk 
value" in fig. 1-3) was fixed. For all fig. 1-3 the material data 
for good bulk material ZT around 1 for room temperature 
were taken. In case of fig. I the contact resistance was set as 
Rc=10 '**Qm^ , a Si wafer was assumed as substrate and the 
height of the thermocouple for the 100% value was set to 
20fun. Figure I shows the qualification plot for various 
thermocouple heights, for vertically integrated modules. The 
influence of either thinner or thicker thermocouples, 
calculated in '*%" in relation to the internal standard, is easy 
to read off. 

In the case of the 40 \jan thermocouple height the decrease 
of Qaax is caused by an increase in Joule heating due to an 
increase in electrical resistance which outranges the increase 
in thermal resistance. The increase in ATnux is directly 
correlated to this increase of thermal resistance. In the case of 
the 10 pm thick device the decrease in Qbhx ts caused by the 
increasing influence of Joule heating due to the increasing 
importance of the contact resistance. Similar to the influence 
on Qnax one can explain the results for the other ploted 
performance parameters. 

A corresponding plot may be derived by varied contact 
resistances here for a leg height of 20 }m. F^ure 2 shows the 
results respectively. It is obvious tiiat Re values of 10*^ Om^ 




contact resistance: 

Figure 2. Performance qualification plot for differoit 
contact resistances, thermocouple height ^Opm 
are useless. 

To take advantage of the possible cooling power denstity 
of micro TECs one has to chose suitable substrates. On one 
hand one has to optimize the heat ^reading at the TEC hot 
side on the other hand tedmological requirements have to be 
fulfilled. These are e.g. Matures like simple, ea^ and cheap 
availability, medianical and tiiermal stability, compatibaity 
of tiiermal e^qmnsion coefficients etc.. The most common 
substrate in microelectronics is nowadays silicon, which is 



available up to 8" and down to thickness of much less than 
50^m. 

Thus silicon is very attractive as wafer material for this 
technological approach. To get a better feeling for substrate 
influence on the above performance parameters, figure 3 
demonstrates the corresponding results. Figure 3 shows, that 
it might be better to built up a technological route cm cheap 
thin silicon wafers than on diamond ernes. The increase for 
ATgttx and for Qniax fiotn comparatively thick silicon of 200 
^m to a diamond wafer with the same diickness amounts 
roughly to a &ctor of 1.2. The virtual, ideal substrate without 
any thermal resistance increases merely by a ^ctcn- of 
1.7. Thus plots like fig. 1-3 may help to find suitable 
technologies for wafer-based micro TEC febricaticm. Similar 
plots can be calculated for di^ent electrodes or the heat 
spreaders at the hot side of a pettier-cooler. Also amilar 
qualifications plots can be calculated for thermo-generator 
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F%iire 3, Performance qualification plot for different 
substrates, indicates Qoux for an Ideal*" substrate without 
any thermal resistance 
p^formanoes. 

Another practical advantage is correlated to the area and 
shape of the performance star, if the tedmological results are 
plotted tc^ether with the simulation data accordingly, area 
and shape acts as a benchmark for the grade of quality of 
different tedmological and performance parameters. The 
more the simulation area is matched by the area derived &om 
experimental data, the better your technology operates. 

Systematks of the wafer based technologies for micro- 
TECs 

The conc^ts fbr all the wafb- technologies are quite 
different. Their description will be organised here as follows: 

• Devices fabricated usittg nanoscale techMologies 

comprising: 

Natmcale CMOS devices 
Nanoscale nan CMOS devices 

• ' Devices fiibricated using MEMS technolo^es 
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comprising: 

mm CMOS devices 

MEMS non CMOS devices 

Devices fabricated using naiioscale technologies 
The kldc-off to expltn^e the potential of nanoscale layered 
thermoelectric materials was made by Hicks, Dresselhaus and 
Harman 118,19,20^1]. Their approach to enhance Seebeck 
coeffient S (fiV/K) and electrical conductivity a {Om)'^ via 
two dimensional quantum well layers did not result in 
useable devices up to now. 

Nanoscale CMOS devices 

More promising, if it concerns devices in particular, are 
the approaches of Fan, Shakouri and LaBounty [5,6,22] who 
developed thermicmic coolers comprising superlattices within 
the SiGe material system completely based on CMOS 
technologies [5], They ^bricated p- and n- type semidevices 
and demonstrated an enhancement in cooling perfonnance 
compared to bulk material. At elevated temperatures of 
200°C for the hot side of their thermionic cooler they 
measured a temperature difference across the device of 17K 
[5]. Due to the known decrease of the thermoelectric 
properties of SiGe with decreasing temperature the 
performance of those devices is much worse at room 
temperature. 

Nanoscale non CMOS devices 

Two different technologies have to be mentioned here: 
Hi-ZTechnologies [I] presented quantum well thermoelectric 
devices with n-type Si/Sio.8Geo.2 and p-type B4C and B9C 
&brfcated from corresponding iilms. But the deposition is 
limited to a quite small area of only Icm^ [1], which is in fact 
not yet a common wafer technology. 

The second technology is complementary to Hicks 
approach and linked with the name Venkatasubramanian. 
While Hicks et al. tried to enhance the product S^a in the 
thermoelectric figure of merit Z [23], Venkatasubramanian 
intended to reduce the thermal conductivity k (W/m*K) 
perpendicular to the growth plane of superlattices in the p- 
lypc Bi2Tc3/Sb2Te3 and the n-type Bi2Tc3/Bi2(TcSe)3 
material system. 

The results obtained [2,24], fig.4, prove that much higher 



such 



thermoelectric efficiencies can be achieved in 
superlattice structures compared to the bulk materials. 

It should be mentioned that in addition to the decrease in 
thermal conductivity perpendicular to the superlattice plane 
also a decrease was found parallel to the planes [25,26] in 
Bi2Te3 based superlattices and also for the mid-temperature 
thermoelectric material system based on PbTe [27J. 

Devkes fiibricated osing MEMS technologies 



Similar to the nanoscale technologies, solely for the 
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Figure 4* £)ecrease of lattice thermal conductivity kl in 
(Bi,Sb)2Tej/Sb2Te5 superlattices [24], 

Bi2Te3 and the SiGe (for CMOS technologies) material 
systems micro-TECs based on wafer technologies were 
developed. 

MEMS CMOS devices 
P3F [3] follows up the idea 10 combine the CMOS 




Figure 5. Scheme of the P3F TEC 

microthermogenerator with typical MEMS technologies. This 
(P3F) TE-^evice is designed in particular for harvesting waste 
energy. 



Heat 




Figure <k Schematic setup of the Infineon CMOS micro TEC 
[28]. 

The complete device consists of two docking elements for 
heat source and for heat spreading and in between the 
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micromachined T£-device. The thermocouples are made of 
poIySi/Al. Reported performance data [3] arc \9\iW for 
AT=3K Figure 5 shows the schematic semp of this converter. 

Also for harvesting energy Infineon [4,16,28] developed 
micro TE-devices using a pure 6" CMOS technology. The 
thermoelectric materials are n- and p-poly-Silicon or 
alternative poly-SiGe alloys. One specific feature is the high 
integration of about 60.000 thermocouples for a device of 25 
mm^. This is necessary due to the small height of about I ^m 
of the thennoelectric legs brought about by the growth of so 
called LOCOS oxides. The resulting temperature difference 
across these legs amounts only to about 10 mK. The 
technological concept is illustrated in figure 6. 

The major challenge with this approach is the dominant 
problem of the contaa resistance. The total device resistance 
amounts to actually several MO. Aim is [4^8] to build up a 
generator supplying 1 V under load and 1 n W output power at 
a temperature difference of 20K placed on an area of not 
more than 25mm'. 

AfEMS non CMOS devices 

AH reported technologies were performed with BisTes and 
related compounds. 

The first commercial product for miCTOStructured Bi2Te3 
was presented by DTS [8]. The n/p thermogenerator V-VI 
material is deposited with a thickness of a few pm onto 
Kapton* foil and structured by wet etching techniques. 
Details can be found in [29]. One TEC consists of ca. 2500 
thermocouples and has a output power of 1 p W at AT= 1 K. 

A different method for the deposition of the 
thermoelectric material is chosen by Fleurial et al [10,14]. 
The n and p thermoelecn-ic materials are deposited 
electrochemically subsequently on one wafer. The patent [30] 
describes in detail the device technology. Advantage of tibis 
methode is the comparable easy deposition of best suitable 
heights of a few lOpm for the thennoelectric material, fig.l. 
Disadvantage is the difficulty to produce high quality 
materia] directly by electrochemical deposition. Details about 
the electrochemical deposition of Bi^Tcs and related 
materials may also found in [31,32]. A new approach to 
develop thermoelectric devices using electroplated material in 
a wafer technolc^ fc»r devices is currently started by [33^34]. 
In contrary to the Fleurial's concept here the n- and p-type V- 
VI materials are deposited and optimized on individual 
wafers. Advantage here is the possibility to handle 
independent wafsrs for adjusting the material quality, 
disadvantage is the necessity to combine the n/p-semidevices 
at the end of the ^brication process. 

MicroTECs on Si/Si02 \vqfers tnade from thick sputtered 

V-yj compounds 

Mainly aimed on telecommunication purposes, Infineon 
Technologies AG and Fraunhofer IPM [15] develop TECs 
based on the V-V!-compounds n-BiaTcs and p-{Bi,Sb)2Te3 
which can be manu&ctured by means of regular thin film 
technology in combination with MEMS technologies. For the 
manu&cturing process^ the established methods in 
semiconductor technologies are used to deposit high quality 
p- and n-Q^ materials based on V-VI compounds in 



thicknesses of several 10^ml. We will report here on this new 
technology in more detail* about material and contact 
properties, as well as on some preliminary characteristics of 
first devices. ' 

The fabrication technology is based on a two wafer 
process which finally leads to the devices by chip to chip, 
chip to wafer or wafer to wafer soldering. This "two wafers" 
fabrication principle requires perfectly thickness matched p- 
and n- material deposition, perfect over-growth of the 
thermoelectric material over contact electrodes and a novel 
dry etching techniques of the 10 ^m or so thick 
thermoelectric material. 

650 pm 




Figure 1, Schematic drawing of a possible 
telecommunication device 

Figure 7 depicts a schematic drawing of the device 
application for telecommunication purposes. According to 
best material parameters, the following performance may be 
achieved for an optimum design: maximum temperature 
difference results to maximum net cooling of 70K; at a 
reduced cooling of 60K a cooling power of 0.3 W should be 
possible. It must be mentioned, that in this case contact 
resistances of 10*^ ^Om^ were assumed. 

Growth ofThermoelectric Materials 

Both n-BizTcj and p-(Bi,Sb)2Te3 materials were grown by 
cosputlering fi-om 6** 99.995% element targets (Bi, Sb, Tc) 
onto prestructured electrodes. In spite of the well known feci 
of the superior thermoelectric properties of the Bi2(Se,Te)3 
alloys, these alloys were not grown due to delivery problems 
of Se-target suppliers. 

The electrodes were structured on SiOi-passivated 4"-Si- 
wafers. Sticking problems arise firom the needed layer 
thickness due to huge differences of the thermal expansion 
coefficients for Si (3*10"* at 300K) [35] and e.g. BisTej 
(-14,4-21,3*10-* K-^ at 300K) [36]. Also performance 
problems may arise, caused by the known anisotropy of the 
V-VI -compounds [23,37]. A TEC, operating perpendicular to 
c-axis, would lead to the best device performances. Due to the 
chosen growth method one may expect more or less randomly 
aligned V-Vl compound crystals. 

Structural Properties 

N- and p-type materials were successflilly grown up to a 
layer thickness of about 20pm. The growth rates are in the 
range of 5pm/h. Thermoelectric layers were sputtered on 
heated (hot sputtered) as well as non-heated (cold guttered) 
substrates. Substrate temperatures were taken similar to [25]. 
SEM analysis was used to visualise roughly the growth 
direction and overgrowth quality. EDX analysis was used to 
VCTify • the metal/chalcogen ratio for all grown layers 
(accuracy ± -0.5 at%) and to control the Bi/Sb ratio of the p- 
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type material. X-ray was usedfor phase analysis. After 
deposition an additional annealing process under controlled 
Te pressure is perfi>nned in order to stabilise the material 
properties. 

A random non-textured growth can be seen, fig, 8. The 
left part of figure 8 shows a crack-fi-ee thermoelectric 
material. The cracks on its right part may be caused by the 
rupture of the sample during the S£M-prq)aration. The 
structural performance for hot sputtered material was proved 
by X-ray diffraction pattern (XRD, 0/20-anaIysis) [15). 
EDX analysis verifiy the desired metal/ chalcpgen ratio 
measured with an accuracy of ±-0,5at% and, in the case of p- 
type materials the Bi/Sb ratio with the same accuracy. 




Figure 8. : SEM-picture of a cross section of a 5 thidc p- 
(Bi,Sb)2Te3 layer grown over a contact electrode 

Fc«- cold sputtered **BiTe" die XRD analysis shows 
unknown phases (c^ainly not Te and Bi) at about 20=20"^ 
and 46^ with grains in the sub-micrometer region. This is 
indicated by the peak broadening. After annealmg the Bi/Te 
physical mixture aligns to textured r^ular BiiTej as shown 
in figure 9. 
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Figure 9 XRD analysis of cold sputtcrd BiaTea as grown and 
after annealing. 

Additional peaks after annealing at 20^=7,5% 15° and 
31°could be identified as BiaTeOs w^ich was fiinned here 
during this annealing in a not oxygen-fi'ee atmoq)here. 

Thermoelectric properties 

The diermoelectric pr(^>ertie$ fx n- and p- type materials 
were determined at room temperature by van der Pauw Hall- 
effect and Seebeck-coefBcient measurements. 

The power fectors were calculated using these data. The 
increase of the Seebeck coefficient fi^om ''cold sputtered" to 



'*hot sputtered** is in accordance to the XRD result, fig. 9 and 

proves phase formation for heated substrates. 

The maximum of the n/p-Seebeck coefficient appears near 

the existence range of the compound, fig 10a, 1 la. The 

resulting n/p poww &ctors are plotted in fig. 10b, 1 lb. 

In figures 10 and 1 1 it is denoted with ^'after annealing'', that 

a post growth annealing is performed to enhance the material 

performance. 
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Figure 10a Seebeck coefficient vs. Te-content for the n-type- 
(Bi,Te) materials 
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Figure 10b Power ftctor vs^ Te-content fi)r ihe n-type^CBi^Te) 
materials 
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FigJla: Seebeck coefficient vs. Te- content for the p-type - 
(Bi,Sb,Te) materials 

As indicated in fig 10, 11, an improvement of the Seebeck 
coefficient or power &ctor by post growth annealing is 
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achieved. Surprisingly the best results were achieved for 
annealed cold sputtered V-VI-layers. 

The reason is up to now not known in detail. One may 
speculate about a different preferential nucleation» which 
fevours more random alignment during simultaneous phase 
formation parallel to layer growth for hot sputtered 
c(»npounds, and a preferential textured growth if one starts 
with a sub-micrometer grain mixture of the phase forming 
atoms or supposed pre-phases. 
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Figure lib Power factor vs. Te-content for the n-typc- 
(Bi,Sb,Te) materials 

As the Seebeck coefficients of both annealed types are 
quite similar, the increase in the pow^ &ctor is caused by a 
comparable huge increase of the electrical conductivity for 
the annealed cold sputtered material. The power&ctors 
achieved uo to now are 20nW/cmK^ and 30^W/cmK^ for n- 
and p-type respectively. 

Device Fabrication 

Before dry etching for device definition, fig. 8 left part, a 
solder metal is structured upon the thermoelectric material. 
Figure 12 shows a SEM picture of a completely etched 
seraidevice. 




Figure 12. Processed wafer with gleamy solder, insert left 
down: etched semidevices for three and four thermocouples; 
insert right down completely etched semicouple for three 
thermocouples of- 50^m width. 

It can be seen, that the contact pads are insulated by small 
gaps in the 10 ^m range. An etching angle steeper than 80^ 
wasadiieved[15]. 



Semidevices were sawn from n- and p-wafers. The n/p- 
single chips are aligned to each other and then soldered 
together. 

With devices designed for Peltier cooling, a net cooling of 

AT=10.6K was achieved. A comparison with predicted data 

shows, that the contact resistances are around lO'^^Om^. The 

devices were tested for long term operation and cycling 

stability: A device was continuosly driven with 250 mA for 

one week and the net cooling was measured from time to 

time. The net cooling did not change, it was stable within the 

accuracy of the twnperature measurement. Another important 

hint for the long term stability is the constancy after cycle 

tests. After 200 cycles with maximum temperature of 55^C 

and minimum temperature of -40*^0 after an overall cycle 

time of about 90h no significant deterioration was observed. 

It was also expected that the response time will decrease 

drastically for microTECs. Figure 13 compares the response 

time of this microdevice with a typical commercial cooler. 

The microGooler's response is about 300 times ftister 

compared to the commercial ones. 
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Figure 13. Comparison of the response time of this 
MicroTEC and the smallest commercially available device 
for ilT' of about 6*C. 

This new technology allows the &brication of Peltier 
coolers and thermogenerators. The micro-generators have the 
same overall dimensions as the Peltier coolers both in the 
range between lOO^un^ to Imm^. For the thermogenerators 
the area of the single p- and n-type elements was reduced in 
order to increase the number of thermocouples per unit area. 
In fig. 14 the electric powor output of a miniaturized 
thermoelectric generator is plotted for different external load 
resistances against the temperature difference between the 
hot and the cold side. A maximum power output of 0.67 jiW 
at a temperature difiference of S^'C was achieved. Taking the 
device geometry into account this results m a power density 
of-1.0 nW/mml 

The comparison of the results in fig. 14 with the published 
performance data of D.T.S. [29] and Seiko [38] is shown in 
Table 1. The micro-thermogenerators are a factor of 10 
smaller and posses only 12 thermocouples. The power output 
of a single thermocouple is a fiictor of 5 higher than reported 
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by Seiko and even more the 50 times larger than the values 
reported D.T.S., table I. 

Since ail devices use the same active thermoelectric material 
this result once more demonstrates the suitable material 
deposition^ processing and packaging techniques developed 
for the production of miniaturized microTECs. 



thermogenerator 2#1: 12 TE couples 




123456789 10 



Temperature difference ("C) 

Figure 14. Dependence of the power output of a miniaturized 
thermoelectric generator consisting of 12 p-n-junctions for 
different load resistances Rl as a function of the external 
temperature difference. 

Table U Comparison of miniaturized thermoelectric 
generators. All values are in the case of a matched load 
resistance and with a tempmture difference of S^'K along the 
thermoelement 





Area 
(mm^) 


Power output 
(HW) 


Number of 
pn- 

junctions 


Power / 

couple 

(nW) 


D.T.S. 


67.5 


1.0 


2500 


0.4 


Seiko 


2S.0 


45.0 


5000 


9 


MicroPelt 


1.12 


0.67 


12 


50 



Conclusions 

It was shown, that a febrication of microTECs on wafer 
level scale is under development using difierent technological 
approaches. The materials used are preferentially based on 
Bi2Te3 related compounds <»■ SiGe based alloys, the latter 
being preferred for CMOS like fabrication of microTECs. 
Devices with nanoscale layers or devices fiibricated using 
bulk layers in the 10 pm range, deposited by physical vapour 
deposition (PVD) like sputtering [15], metal organic 
chemical vapour deposition (MOVCD) [2] or molecular beam 
epitaxy (MBE) [I] and electrodiemical methods [10] and 
structured using MEMS technologies are under way. 

If the fabrication similar to microelectronics is 
considered, the former disadvantage concerning the assumed 
impossibility to adapt microelectronic technologies fta* 6i2Te3 
[5] is disproved through the new development -MicroPeh®. 
The successfiil production of these devices opens the way to 
new prototyping with optimised steps in the processes. 



Progress may be expected for the quality of the n- type 
material by switching to n-Bi2(Se,Te)5 [23]. 

A comparison of the different technological concepts is 
difficult due to multifeceted aspects 'involved. First of all the 
achievable material properties at the application temperature: 
as the most important applications for micro-devices will be 
around room temperature, the devices based on Bi^Tej related 
compounds may be more &vourable. For device &bncation 
based on waibr tedmologies also temperature dependent 
mechanical properties may play a decisive part in particular, 
if PVD, MOCVD or MBE deposition is necessary on heated 
substrates. Another major point concerns the usable 
technological base of well known processes, e.g. techniques 
to scale down lateral dimensions to get highly integrated 
devices. From this point of view the device iabricaticm based 
on SiGe' is well stocked by existing CMOS processes. Thus 
up to now no clear decisi<m can be drawn to fevour only one 
technological route. In summary, we are convinced that 
micro-peltier coolers and micro-thermogenerators can be 
manuiactured cost effectively \n serial production. 
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